ABSTRACT: The treatment of highly saline aqueous solutions using direct contact membrane 9 distillation (DCMD) was evaluated in this study. Experiments were conducted using a flat 10 sheet polytetrafluoroethylene membrane with nominal pore size of 0.22 µm. Seawater, 11 reverse osmosis (RO) concentrate collected from a wastewater reclamation plant, and a 12 synthetic solution containing 2,000 mg/L of CaSO 4 were selected as the representative saline 13 solutions. A gradual decline in permeate flux was observed at the beginning of the 14 experiments when the seawater and RO concentrate solutions were treated using the DCMD 15 process, most likely due to initial organic fouling and scaling. In contrast, when the saturated 16
Introduction

Membrane distillation (MD) is a thermally driven desalination process that involves phase 29
conversion from liquid to vapor on one side of the membrane and condensation of vapor to 30 liquid on the other side [1] . The membrane facilitates the transport of water vapor through its 31 pores but does not participate in the actual separation process. Although the process of MD is 32 not new, it has only recently been recognized as a low cost, energy saving alternative to 33 79 DCMD experiments were conducted using a closed-loop bench-scale membrane test unit 80 (Figure 1 ). The membrane cell was made of acrylic plastic to minimize heat loss to the 81 surroundings. It was designed to hold a flat-sheet membrane under moderate pressure 82 gradients without any physical support. The flow channels were engraved in each of two 83 acrylic blocks that made up the feed and permeate semi-cells. Each channel was 0.3 cm deep, 84 9.5 cm wide, and 14.5 cm long; and the total active membrane area for mass transfer was 138 85 cm
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78
DCMD test unit and experimental procedure
. 86
Feed solution was circulated from a stainless steel feed reservoir through the feed membrane 87 semi-cell and back to the reservoir. A heating element encased inside a stainless steel tube 88 was placed directly into the feed reservoir. A temperature sensor was placed immediately 89 before the inlet of the feed solution to the membrane cell. The heating element and the 90 temperature sensor were connected to a temperature control unit to regulate the temperature 91 of the feed solution. MilliQ water was used as the initial condensing fluid. The distillate was 92 circulated from a 2 L Perspex reservoir through the distillate membrane semi-cell and back to 93 the reservoir. The distillate reservoir allowed overflow of excess permeating water into a 94 collecting container. The overflowing distillate was continuously weighed on an electronic 95 balance (PB32002-S, Mettler Toledo Inc., Hightstown, NJ). Another temperature sensor was 96 installed immediately at the outlet of the distillate semi-cell. The temperature of the distillate 97 was regulated using two cooling units (Neslab RTE 7, Thermo Fisher Scientific, Waltham, 98 MA, USA) equipped with a stainless steel heat-exchanging coil, which was submerged in the 99 distillate reservoir. Two pumps (Model 120/IEC71-B14, Micropump Inc., Vancouver, WA, 100 USA) were used to circulate feed and distillate from their respective reservoirs through the 101 membrane cell and back to the reservoirs (at up to 4 L/min and 70 °C). Flow rates of the feed 102 and distillate were monitored using two rotameters and were kept constant and similar at all 103 times. All the pipes used in the DCMD test unit were covered with insulation foam to 104 minimise heat loss. 105 106 107
Figure 1: Schematic diagram of the CDMD system. 108
A feed volume of 10 L was used in all experiments in this study. Temperature of the distillate 109 was kept constant at 20 °C. When evaluating the performance of the DCMD system using tap 110 water, permeate flux was measured for at least 2 hours at each feed temperature. A new 111 membrane sample was used for each experiment in this study. At the completion of each 112 experiment, the membrane was removed from the cell, air dried, and kept in a desiccator until 113 surface analysis. 114
Microporous membrane 115
A hydrophobic, microporous membranes were acquired from (GE Osmonics, Minnetonka, 116 MN) for this investigation. This is a composite membrane having a thin 117 polytetrafluoroethylene (PTFE) active layer on top of a polypropylene (PP) support sublayer. 118
The pore size and porosity of the membrane are 0.22 μm and 70%, respectively. The 119 membrane thickness is 175 μm, of which the active layer is 5-10 μm. concentrate solution has a relatively low salinity with TDS of just over 4,000 mg/L but has 130 significant organic matter content (Table 1 ). In contrast, the presence of organic matter in 131 both the seawater and the synthetic CaSO 4 solution used in this study was negligible. 132
Although TDS concentration of the synthetic gypsum solution is relatively low, the solution 133 was at saturation with respect to CaSO 4 . 134 
Analytical techniques 136
Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter 137 (Thermo Fisher Scientific, Waltham, MA, USA). The conductivity probe was immerged 138 directly into the permeate container to allow for continuous monitoring of the permeateconductivity. The morphology and the composition of the fouling layer deposited onto the 140 membrane surface were examined by scanning electron microscopy (SEM) using a JEOL 141 JSM-6460A instrument (Tokyo, Japan), with additional semi-quantitative energy dispersive 142 spectrometer (EDS) analysis. Prior to SEM analysis, the membrane samples were air-dried 143 and subsequently coated with an ultrathin layer of carbon. Extreme care was taken when 144 preparing the fouled and scaled membrane samples to ensure that the fouling and scaling 145 layer remained intact. Contact angle measurements of the membrane surfaces were performed 146 with a Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) using the standard 147 sessile drop method. Milli-Q water was used as the reference solvent. The membrane samples 148 were air dried prior to the measurement. At least 5 droplets were applied onto duplicate 149 membrane samples. 150 In the DCMD process, heat transfer and mass transfer occur simultaneously. The total heat 165 transferred across the membrane is given by [8] : 166
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where h f , h m , and h p are the heat transfer coefficient of the feed, membrane, and permeate, 168 respectively. N and ΔH V are the molar flux and the heat of vaporisation, respectively. ΔT m is 169 the temperature difference between the feed and distillate sides of the membrane. The total 170 mass transferred across the membrane can be simply expressed as the product of the mass 171 transfer coefficient and the driving force: 172
The mass transfer coefficient k f is a function of the temperature, pressure, and membrane 174
properties. In addition, ΔP 0 can be dependent on the temperature and the actual composition 175 at the membrane surface, which may differ from that of the bulk solution. Figure 4 . In good agreement with the 235 discussion above, at the completion of the DCMD experiment using seawater, small crystal 236 structures had completely covered the membrane surface ( Figure 4B ). Similarly, a fluffy 237 amorphous fouling layer can be observed on the membrane surface after the DCMD of RO 238 concentrate ( Figure 4C ). The formation of the small crystals or the amorphous fouling layer 239 could be attributed to heterogeneous composition of the seawater or RO concentrate 240 solutions. In contrast, the CaSO 4 solution used in this investigation had almost no impurities. 241
As a result, large CaSO 4 crystals can be seen deposited on the membrane surface at the 242 completion of the DCMD experiment using CaSO 4 solution ( Figure 4D ). 243 The discussion above is consistent with the results obtained from qualitative elementary 247 analysis of the scaling/fouling layers using SEM-EDS. Because the microporous membrane 248 used in this investigation has a PTFE active layer, fluoride and carbon are the only two 249 elements detectable on the membrane surface of a virgin sample ( Figure 5A ). After the 250 DCMD with each of the three saline solutions, major elements responsible for the 251 scaling/fouling of the membrane surface can be clearly identified in Figures 5B, 5C , and 5D. 252
The presence of calcium is particularly notable in all three cases. In fact, calcium salts are 253 sparingly soluble and calcium is ubiquitous in natural water including seawater and RO 254 concentrate. In addition to calcium, several other metals such as magnesium, aluminium, and 255 molybdenum can also be seen on the membrane surface after processing either seawater or 256 RO concentrate. Once again, it is not surprising that calcium is the only metallic element 257 observed in Figure 5D , which shows the EDS spectrum of the scaling deposit of CaSO 4 on 258 the membrane surface. 259 The deposition of a scaling or fouling layer on the membrane surface does not only restrict 263 the active surface area available for mass transport but also render the membrane surface 264 hydrophilic. The latter can result the wetting of the membrane pores leading to the intrusion 265 of liquid water to the membrane pores, which in turn hinders the mass transfer of water 266 vapour across the membrane. Contact angle measurement conclusively confirms a 267 transformation of the membrane surface characteristic from being hydrophobicity prior to the 268 experiment to very hydrophilic after being used in the DCMD experiment involving any of 269 the three saline solutions (Table 2) . 270 Results reported here suggest that pretreatment to remove organic matter and particularly 286 calcium could be essential to prevent membrane fouling and scaling. 287 
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